Abstract: Low-cost porous ceramic microspheres from waste gangue were prepared by simple spray drying and subsequent calcination. Effects of calcination temperature on phase and microstructure evolution, specific surface area, pore structure, and dye adsorption mechanism of the microspheres were investigated systematically. Results showed that the microspheres were spherical, with some mesopores both on the surface and inside the spheres. The phase kept kaolinite after calcined at 800 and 900 and transformed into mullite at 1000 ℃ . The microspheres calcined at 800 ℃ showed ℃ larger adsorption capacity and removal efficiency than those calcined at higher temperatures. Methylene blue (MB) and basic fuchsin (BF) removal efficiency reached 100% and 99.9% with the microsphere dosage of 20 g/L, respectively, which was comparable to that of other low-cost waste adsorbents used to remove dyes in the literature. Adsorption kinetics data followed the pseudosecond-order kinetic model, and the isotherm data fit the Langmuir isotherm model. The adsorption process was attributed to multiple adsorption mechanisms including physical adsorption, hydrogen bonding, and electrostatic interactions between dyes and gangue microspheres. The low-cost porous microspheres with excellent cyclic regeneration properties are promising absorbent for dyes in wastewater filtration and adsorption treatment.
Research Article
Ceramic microspheres have attracted a lot of attention for various applications due to their small size (0.01-1.0 mm), light weight, low heat conductivity, and high dispersion [1] [2] [3] [4] . Currently, much work has been done on the synthesis of microspheres including spray drying thermally stable SiC hollow spheres using SiO 2 templates at 1300 ℃. Although the mentioned methods could obtain microspheres with certain contents successfully, the composition of raw material is fixed and much expensive, which limits its mass production and widely applications.
Qu et al. [11] fabricated high-strength glass foams with spheres by spray drying method. Qi et al. [12] developed hollow sphere ceramics (HSCs) with porosity decreased from 59% to 42% when the sintering temperature was 1400-1600 ℃. Consequently, the spray drying method was applied to fabricate glass foams and hollow sphere ceramics, which was considered to be prospective, low-cost, and widely used in industrial applications.
Coal gangue is a typical solid waste pollution generated during mining process [13] [14] [15] . The accumulation of coal gangue occupies land, pollutes air, causes serious environmental problems, and damages people's health [13] [14] [15] . Thus, the management and utilization of coal gangue are an urgent problem to be solved. Coal gangue has a mass of kaolinite with layered silicate mineral consisted of siloxane-and gibbsite-like layers [13, 16] . Nowadays, the chemical activation, mechanical activation, and thermal activation are effective ways to improve the activation of coal gangue [13, 17] . After thermal activation at 700 ℃, the contents of Al 2 O 3 and SiO 2 in coal gangue increased to 92.31% and 64.44%, respectively [13] . After mechanical grinding, the specific surface area of coal gangue increased from 0.41 to 8.66 m 2 /g [17] . Jabłońska et al. [14] compared surface properties of different kinds of modified coal gangue. Results showed that BET surface area of coal gangue modified with H 2 NO 3 and H 2 O 2 increased from 7.36 to 8.12 m 2 /g. Total pore volume and average pore size of the samples also increased, which were attributed to the increased adsorption space. The space of thermal modification at 250 and 600 ℃ was 25% (15.42 mm 3 /g) and 120% (27.26 mm 3 /g), respectively. Usually, coal gangue was used as raw material to produce zeolite and mullite ceramics [18] [19] [20] . Moreover, many investigations have focused on its promising adsorption property in polluted water, especially for heavy ions and organic dyes [21] [22] [23] [24] . Qiu and Cheng [21] modified the coal gangue with sodium tetraborate (Na 2 B 4 O 7 ·10H 2 O) during calcination process to improve its removal efficiency of Mn 2+ , which was due to the increase of pore volume (from 0.021 to 0.067 cm 3 /g) and specific surface area (from 9.29 to 20.05 m 2 /g) for raw coal gangue. The decomposition of carbonate minerals and dehydration of coal gangue particles by addition of sodium tetraborate during calcination were originated from the generation of porous structure and large specific surface area. Based on the experiment data, the pseudo-second-order kinetic model could describe the adsorption process. Unuabonah et al. [23] modified the surface of kaolinite with strong presence of inner -OH functional group by sodium tetraborate. The modification process increases both the adsorption rate and capacity of aniline blue from 1666.67 to 2000 mg/kg. Khan et al. [24] provided that the iron-manganese oxide coated kaolinite could adsorb the basic fuchsin (BF) and crystal violet (CV) dyes from aqueous solution. The Langmuir saturation adsorption capacity of BF and CV was 10.36 and 20.64 mg/g, respectively.
Nevertheless, most effective adsorbents such as activated carbon and nanospheres were expensive [25, 26] . The modified coal gangue showed potential for sewage treatment, but the adsorption performance of gangue was limited by its specific surface area. Combining the adsorption characteristics of gangue powder with special structure of cenosphere, preparation of coal gangue microspheres by an easy method is considered to be a proper way. Therefore, it is of great importance to develop a novel and low-cost absorbent with high removal efficiency as soon as possible.
In the present work, we described novel low-cost porous microspheres from gangue using spray drying method and thereafter systematically characterized the effects of calcination temperature on initial products using phase evolution, pore structure, micrographs, functional groups, and adsorption properties of MB and BF solutions.
Experimental

1 Materials and experiments
The raw material was coal gangue powder (Yonglong Bangda New Materials Co., Ltd., China). The green gangue microspheres were prepared by spray drying method, as shown in Fig. 1 [5, 6] .
Firstly, the slurry containing coal gangue powder, water, and polyvinyl formal adhesive (10 wt% based on powder, named "107 building glue", major components were polyvinyl alcohol and methyl methacrylate, pH = 7) was ball-milled for 10 h to obtain a homogeneous slurry with a solid loading of 50 wt%. Continually, the slurry was prepared with vigorous stirring. The slurry was introduced into a centrifugal atomization equipment to atomize it into slurry droplets which were fed into a drying chamber at 200 ℃. Finally, green coal gangue spheres were collected after spray drying. Figure 2 displays morphologies of raw coal gangue and green microspheres. Coal gangue in Fig. 2 (a) exhibits fine powder shape in the size of ~2 μm, and green microspheres in Fig. 2(b) have the average diameter of ~55 μm. As shown in Fig.  2(c) , the microsphere surfaces are made of uniform raw powder. The composition of the obtained coal gangue powder is presented in Table 1 .
Then, the green microspheres were performed in a muffle furnace and treated at 800, 900, and 1000 ℃ for 1 h in air with a heating rate of 5 ℃/min to obtain the gangue microspheres. Then, the samples were cooled in the furnace to room temperature for use.
2 Characterization
The chemical composition of the raw coal gangue powder was determined by X-ray fluorescence spectrometer (XRF-1800, Shi-madzu, Japan). Thermal gravimetric (TG) analysis and differential thermal analysis (DTA) (Netzsch STA449F3, Germany) of green gangue microspheres were carried out in an air atmosphere in alumina crucibles over a temperature ranging from 20 to 1200 ℃ at 10 ℃/min. The true density of microspheres was measured via a nitrogen replacement method (G-Denpyc 2900, Gold APP Instrument Corporation, China). The packing density was calculated by weighting a certain volume of microspheres in a graduated cylinder. The particle size of microspheres was analyzed by laser particle analyzer (Mastersizer 2000, Malvern Instruments, UK). The nitrogen adsorption-desorption measurement was tested on a Gemini VII 2390 (Mike, USA). Phase compositions of the microspheres before and after calcination were examined by X-ray diffraction (XRD, D8ADVANCE, Bruker, Karlsruhe, Germany). Microstructure of the samples was performed by scanning electron microscope (SEM, SSX-550, Shimadzu, Kyoto, Japan).
3 Adsorption studies
Adsorption properties were carried out using 100 mL www.springer.com/journal/40145 J Adv Ceram 2018, 7(1): 30-40 33 Erlenmeyer flasks with the same volume of 50 mL. The concentration of methylene blue (MB) and basic fuchsin (BF) was 100 mg/L. In order to investigate the effects of calcination temperature and the dosage of the gangue microspheres, different dosages of calcined microspheres were added into the MB and BF solutions to achieve liquid-solid ratios by 1-50 g/L. The samples were placed in an oscillating shaker operated at 140 rpm and 30 ℃ to keep adsorption equilibrium for 10 h. After centrifugation, the concentration of MB and BF solutions was determined using a UV-Vis spectrophotometer at wavelength of 664 and 544 nm, respectively. The adsorption capacity and removal efficiency of MB and BF were calculated using Eqs. (1) and (2), respectively, which are listed as follows:
where (mg/L) is the initial MB and BF concentration, (mg/L) is the equilibrium concentration, V (L) is the volume of the dye solution, and m (g) is the weight of adsorbent. Based on the above parameters, in order to investigate the adsorption isotherm, certain amount (10 g/L) of microspheres was added to the 100 mL Erlenmeyer flask with 50 mL MB and BF solution, achieving a certain initial concentration of 80-400 mg/L. The experiments were also performed at 30 ℃. In order to investigate the adsorption kinetics of the microspheres in MB and BF solution, certain amount (10 g/L) of adsorbents was added to the 100 mL Erlenmeyer flask with 50 mL dye solution. The pre-determined time adsorption capacity and removal efficiency were also calculated by Eqs. (1) and (2) at time t. Figure 3 presents the TG/DTA curves of the green gangue microspheres under air atmosphere, heating up to 1200 with rate of 10 /min. The TG curve of the ℃ ℃ green gangue microspheres showed that the major mass loss before 1100 was ℃ ~13 wt%, which was due to the evaporation of free water, decomposition of minerals, and combustion of carbon and organic matters [13, 17] . As for the DTA curve, the endothermic peak presented at 540 was contributed by the dehydration ℃ of -OH groups of kaolinite and formation of metakaolin, as described by the following reaction:
Results and discussion
1 Phase and chemical bands of microspheres
The exothermic peak at 650 was caused by ℃ combustion of carbon and organics [13, 17] . Thus, it provided that higher temperature was needed to remove the carbonaceous minerals. The reaction could be presented by the following chemical equations [17, 27] : 
There were no obvious additional peaks of adhesion agent of the microspheres, which was due to their small content. Considering the TG results, the thermal evolution of the gangue microspheres showed similar tendency to ordinary coal gangue during calcining. Figure 4 displayed XRD patterns of coal gangue microspheres before and after calcined at different temperatures for 1 h. As can be seen, kaolinite and α-quartz were the two major phases in uncalcined coal gangue microspheres [17, 28] . It also contained some geothite and mica. The phase of the microspheres was not changed obviously after calcined at 800 and 900 ℃ for 1 h. After treated at 1000 ℃, some mullite phase has been formed, whereas several sharp α-quartz peaks were still observed, which were introduced from raw coal gangue. Figure 5 shows the FT-IR spectra of the coal gangue microspheres before and after calcination. As for the untreated samples in Fig. 5 , the bands at 3692, 3661, and 3632 cm -1 were associated with O-H in kaolinite structure [29, 30] . The IR bands at 1032, 797, 778, and 475 cm -1 were related to Si-O-Si. The bands located at 915 and 539 cm -1 were attributed to Al-OH vibration and Si-O-Al, respectively [29, 30] . The bands at 1100, 810, and 694 cm -1 were corresponded to Si-O. The bands at 2923 and 2853 cm -1 were assigned to aliphatic or naphthenic C-H, which were introduced by the carbonaceous components in gangue [13] . After calcined at higher than 800 , the band ℃ s at 3695 and 3632 cm -1 were deceased and changed to 3661 cm -1 , which indicated most of the hydroxyl groups on kaolinite have been removed. It is because of the depolymerization of silica tetrahedrons induced by thermal treatment [13, 29, 30] . The intensity of the bands at 1082 and 1032 cm -1 was also decreased as the temperature increased; the bands became wide at 1000 , which was due to ℃ the depolymerization and collapse of silica tetrahedrons structure in the gangue [13, 17, 29, 30] . Many different functional groups on the surface of microspheres were beneficial to enhance adsorption properties.
2 Microstructure analysis of microspheres
The typical microstructures of gangue microspheres after calcined are shown in Figs. 6 and 7. After treated, the obtained microspheres were still spherical, with some small pores on the surface. From the cross sections in Fig. 7 , we observed the inner of the microspheres kept lamellar structure of kaolin with bigger holes in the middle. The specific surface areas and porous parameters of the microspheres are shown in Fig. 8 and Table 2 . The nitrogen adsorption-desorption isotherms of the samples were classified a typical type IV isotherm characteristic [14, 31] . The mesopores on microspheres resulted in hysteresis loops at the P/P 0 ranges of 0.8-1.0 [31] . The hysteresis loops decreased as the calcination temperature increased, gradually. The BET specific surface area of the microspheres calcined at 800 ℃ was 11.98 m 2 /g, and decreased to 6.47 and 1.46 m 2 /g when treated at 900 and 1000 ℃, respectively. The average pore diameter from BJH pore-size distribution pattern was 12.89, 12.69, and 6.15 nm, respectively, indicating the type of mesopores. The decrease was due to recrystallization of kaolinite and mullite [32] . The external surface areas and micropore volumes (Table 2) were calculated by using t-plot method. For the microspheres treated at 800 ℃, a total pore volume of 0.04 cm 3 /g was measured, with a micropore area of 0.99 m 2 /g and a larger external surface area of 10.99 m 2 /g, as determined by the t-plot method. As inferred from Figs. 6 and 7, the major contribution to specific surface area of the spheres was originated from the external surface of mesoporosity. The surface area decreased at higher calcined temperature. The pore size distribution (Fig. 8(b) ) further shows the presence of mesopore characteristic for samples, with pore width between 10 and 90 nm. Thus, the microspheres had porous structure and large specific surface areas, which was beneficial for adsorption and removal of dyes. Figure 9 shows the photographs of MB and BF solutions adsorbed using different microsphere dosages calcined at 800 ℃. The color variation of the solutions became lighter with the microsphere dosage increasing from 1 to 50 g/L. The solutions turned colorless when the dosage was 50 g/L, indicating that the microsphere has obvious influence on the adsorption of the dyes under water. Figure 10 shows the effects of calcination temperature, adsorbent dosage, and contact time on the adsorption capacity and removal efficiency of MB and BF. The calcination temperature of the gangue microspheres has a great influence on the MB and BF adsorption. As for the two dyes, the microspheres calcined at 800 ℃ presented more adsorption capacity and better removal efficiency than the ones calcined at higher temperatures (900 and 1000 ℃). As for the MB, when the dosage of microspheres ranged from 1 to 10 g/L, the adsorption capacity decreased sharply from 37.06 (800 ℃), 29.01 (900 ℃), and 21.99 mg/g (1000 ℃) to 10.00 (800 ℃), 10.00 (900 ℃), and 8.63 mg/g (1000 ℃), respectively. Meanwhile, the MB removal effciency reached 100% for the microspheres treated at 800 and 900 ℃. As all the microsphere dosage increased from 20 to 50 g/L, the adsorption capacity decreased slowly and tended to achieve balance. Thus further increase in microsphere mass did not affect the removal rate, it may be controlled by the unavailability of adsorbate sites which could be saturated by the MB molecules [33, 34] . As for the BF, at lower adsorbent dosage (< 10 g/L), there was a sharp increase in removal efficiency, which was because of more adsorption sites [33] [34] [35] . At higher adsorbent dosage (> 10 g/L), the adsorbent dosage had little effect on the removal of BF dyes. The MB and BF removal efficiency reached 100% and 99.9% for the microspheres with the dosage of 20 g/L calcined at 800 ℃, respectively. During the process of adsorption, the adsorption efficiency is determined by adsorption time and adsorption rate, which directly determines the time and cost of wastewater treatment. The contact time is also an important influencing factor for dye adsorption. As for the microspheres treated at 800 ℃, the influence of contact time on MB and BF adsorption capacity and removal efficiency was also shown in Figs. 10(e) and 10(f). The adsorption process could be divided into three stages: when the time is less than 10 min, the removal efficiency increased rapidly; then, the removal efficiency increased steadily with the time reaching 60 min. The removal efficiency of the MB and BF reached to 100% and 93.7% at 60 min, respectively. As contact time continued to increase (＞60 min), the removal efficiency and adsorption capacity tended to stabilize, which provided that the dye adsorption reached an equilibrium state. Thus, according to the experiments and cost, the proper treated condition of the coal gangue microspheres was 800 ℃ for 1 h, and the suitable microsphere dosage value for two dyes was 10 g/L, which was chosen for the next experiments.
3 Adsorption studies
Effects of parameters on dye adsorption
Adsorption kinetics
The adsorption kinetic mechanisms for gangue microspheres of MB and BF were studied by pseudofirst-order (Eq. (7)) and pseudo-second-order kinetic models (Eq. (8)) [33, 34] : 1 e e log( ) log 2.303
In Eqs. (7) and (8), and (mg/g) presented the adsorption capacities of microspheres at time t and equilibrium, respectively; (min ) and (g/(mg·min)) were the pseudo-first-order and second-order kinetic rate constants, respectively. The parameters , , and can be calculated from the slope and intercept of the plots of and versus t, respectively, as shown in Fig. 11 and Table 3 .
The correlation coefficient (R 2 ) values for the MB and BF of the pseudo-first-order model were lower than those of the pseudo-second-order kinetic model (Table 3) . Besides, the calculated values of pseudosecond-order kinetic model (MB: 10.0766 mg/g, BF: 9.6796 mg/g) were closer to the experimental values (MB: 10.0000 mg/g, BF: 9.5888 mg/g). Thus, the absorption of MB and BF of the microspheres seemed to be described better by the pseudo-second-order kinetic model. Figure 12 shows the adsorption isotherms of MB and BF of the microspheres. The selection of an isotherm model depends on the nature and type of the system [33, 34] . Herein, the Langmuir model (Eq. (9)) and Freundlich model (Eq. (10)) were used to describe the adsorption equilibrium of the microspheres, expressed as 
Adsorption isotherm and mechanism
where (mg/L) is the equilibrium concentration of the MB and BF solutions, (mg/g) and (mg/g) are the equilibrium adsorption capacity and maximum monolayer adsorption capacity, respectively, (L/mg) and (L/mg) are the Langmuir and Freundich constants, respectively, and n is the Freundlich intensity factor. The values of all the adsorption isotherm parameters of MB and BF are listed in Table 3 . [33, 35] . The maximum adsorption capacity of MB and BF was calculated 30.0120 and 24.1604 mg/g, respectively. Attributing to the increase of pore volume and specific surface area, the gangue itself has good adsorption. Compared with pure gangue powder, the gangue microspheres have low cost, high porosity, high strength, and robust structure, which make it an ideal candidate for filtration and adsorption in textile wastewater effectively.
Adsorption is a complicated process; less work has been carried out in this direction especially to understand the mechanism of adsorption. Attributing to high pore volume and specific surface area of the microspheres, physical adsorption plays a major role during the adsorption process. As for the microspheres, the presence of -OH (3661 cm -1 ) could lead to a hydrophilic nature of the surface and acted as anchoring sites for dye molecules (Fig. 5) [36] . The crystal kaolin contains many SiO 2 and Al 2 O 3 tetrahedra, edges carried both SiOH and AlOH sites, and surfaces were believed to carry a constant structural negative charge, which may attract interaction with the cationic dyes [37] [38] [39] . Based on the above results, the high performance in the adsorption possibly resulted from multiple adsorption mechanisms including physical adsorption, hydrogen bonding, and electrostatic interactions between dyes and gangue microspheres.
Material recovery
The regeneration properties of the adsorbents are significant economic aspects to estimate the quality of the materials. Since high temperature calcinations in air can decompose the organic dyes on surfaces or in pores of kaolin [36] , the microspheres were desorbed at 800 ℃ holding 2 h for reuse. The regeneration properties of the microspheres were conducted repeatedly by dropping 0.5 g microspheres into 50 mL (100 mg/L) dye solutions. Three cycles of adsorption-desorption were carried out and the relative ratio of adsorption capacity ( ) was calculated. As shown in Fig.  13 , of microspheres still reached ~97% after three cycles, which indicated that the microspheres were excellent of cyclic regeneration. Table 4 shows adsorption capacities of new adsorbents. Carbon nanotubes Methylene blue 109.31 [43] Calcined mussel shell Basic fuchsin 141.65 [44] Biogenic apatite Basic fuchsin 16.24 [45] Malted sorghum mash Basic fuchsin 58.48 [46] As can be seen, the adsorption capacity of gangue microspheres was > 20 mg/g, which suggested it has potential applications as a good adsorbent compared with other adsorbents. Thus, the gangue microspheres have potential applications in dye wastewater filtration and adsorption treatments.
Conclusions
In the present study, low-cost porous microspheres from waste gangue were provided and the effects of calcination temperature on the microstructure evolution and adsorption properties were investigated systematically.
(1) The porous microspheres could be prepared by simple spray drying and subsequent calcination. The phase of the microspheres kept kaolinite after treated at 800 and 900 ℃ for 1 h and transformed into mullite at 1000 ℃. The microspheres were spherical, with some mesopores both on the surface and in the middle. The BET specific surface area of the calcined microspheres were 11.98 (800 ℃), 6.47 (900 ℃), and 1.46 m 2 /g (1000 ℃), which was decreased with the calcination temperature.
(2) The microspheres calcined at 800 ℃ shows more adsorption capacity and removal efficiency for dyes than the ones calcined at higher temperatures. When the dosage increased to 20 g/L, the MB and BF removal efficiency reached 100% and 99.9% for the microspheres calcined at 800 ℃, respectively. The adsorption process of dyes followed the pseudosecond-order kinetic model. The experiment data of absorption of two dyes fit better with the Langmuir equation. Physical adsorption, hydrogen bonding, and electrostatic interactions between dyes and gangue microspheres contributed to the adsorption process. The low-cost porous microsphere also has excellent of cyclic regeneration properties, which suggested it has potential applications in wastewater filtration and adsorption treatment.
